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I. INTRODUCTION 
Since the original studies of Warburg and Christian (1), 
Kuhn and Karrer (2), and the subsequent work of Theorell (3) 
and his associates on the nature of the conjugated flavoproteins, 
considerable effort has been directed towards an understanding of 
the mode of the participation of the flavin moiety of flavoprotein 
enzymes in hydrogen transfer processes. Conversely, the biosynthesis 
of flavins has not been extensively studied. Early work concerning 
riboflavin biosynthesis in the yeast Eremothecium ashbyii was done 
by Guilliermond (4) who demonstrated that this organism produces 
considerable amounts of riboflavin, most of which is excreted by 
the cell into the medium. The subsequent investigations of Schopfer (5), 
and Guilloud (6) resulted in the development of a synthetic medium 
for this organism which permitted growth and riboflavin production 
to occur under chemically defined conditions. The conversion of 
a purine to riboflavin by E. ashbyii, Ashbya gosyppii, Caudida 
flareri, c. guilliermondii, and c. parapsilopsis was demonstrated 
by Frieohelm et al (7). They were able to show that guanine-s-c14 
was converted to riboflavin by all five organisms. A further study 
has been carried out by MacLaren (8), who demonstrated that certain 
of the naturally-occurring purines enhanced the production of 
riboflavin by the yeast E. ashbyii without affecting the growth of 
the organism. From his observation and from consideration of the 
structural similarities between the purine ring system and the 
isoalloxazine ring of riboflavin, MacLaren postulated a 11 purine 
pathway .. o£ riboflavin biosynthesis as shown in Figure I. 
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It was also noted that the ribosyl group of the nucleosides 
corresponds in position to that of the ribityl group of riboflavin. 
An additional clue came from the work of M~Nutt (9), who was able 
to show that carbon atoms constituting the pyrmidine ring of adenine 
were incorporated directly into the 6,7-dimethylisoalloxazine ring 
of riboflavin by the yeast E. ashbyii. This work was carried out 
by growing the organism in.a medium containing radioactive adenine 
and isolating the radioactive riboflavin. Degradation of the 
isoalloxazine ring ~nd comparison of the specific activities of 
the carbon atoms led to the conclusion that adenine serves as a 
direct precursor in the biosynthesis of riboflavin through the 
contribution of an intact pyrimidine ring. 
The work of G.W.E. Plaut (10) demonstrated that 6,7-dimethyl-
8-ribityllumazine (6,7-dimethyl-8-ribityl-2,4 (1H,3H) pteridine) 
is converted directly to ribiflavin in cell-free extracts of A. 
gossypii, indicating that 6,7-dimethyl-8-ribityllumazine may also 
serve as a rather direct precursor of flavins. It was suggested 
that this biological conversion may occur by wa¥ of the addition 
of 2-carbon units, perhaps from acetyl-CoA, or possibly a 4-carbon 
fragment, e.g. acetoin or diacetyl, to the methyl groups of the 
lumazine derivatives. 
The structural relationship is shown in Figure 2. where R 
stands for the ribityl moiety. 
6,7dimethyl-8-ribityllumazine riboflavin 
FIGURE 2 
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have involved a measurement of total riboflavin synthesis. Here~ 
tofore, there has been no report of a study of the biosynthesis 
of a specific flavin component of a flavoprotein. 
One of the best characterized flavoproteins, the enzyme 
dihydroorotic dehydrogenase, has been shown to catalyze the 
reduction of orotic acid by reduced diphosphopyridine nucleotide, 
as shown in figure 3. 
DPNH + 
H 
FIGURE 3 
I ' This enzyme was first character1.zed by Lieberman and Kornberg (.l:I!.)', 
who isolated and purified the enzyme from extracts of the anaerobic 
bacterium, Zymobacterium oroticum. In the course of growth, the 
organism synthesizes large quantities of dihydroorotic dehydrogenase, 
and the enzyme has now been isolated and crystallized by F~~edmann 
and Vennesland (~2). These workers have also demonstrated enhanced 
flavin synthesis in the course of the adaptation of Z. oroticum to 
growth on orotic acid. The source of the flavin~ whether derived 
from the medium or synthesized de novo, was not able to be determined. 
In view of the demonstration by McNutt {9) of adenine as a 
direct precursor of riboflavin in the yeast E. ashbyii, it was 
decided to grow z. oroticum on a riboflavin-free medium with a 
'f' 'b fl · ad.en1.'ne-2-c14 • s b tl th spec1. l.C r1. o avl.n precursor, u sequen y, e 
enzyme dihydroorotic dehydrogenase was to be isolated and purified 
and the flavin moiety removed and its radioactivity determined. 
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:) By this means, it was hoped to demonstrate that the orotic acid-
fermenting organism z. oroticum has the ability to synthesize its 
own flavins. 
) 
) II. EXPERIMENTAL AND RESULTS 
) 
.A. Materials 
Radioactive adenine, labelled with carbon~l4 in the 2 
position, was obtained from Isotopes Specialties Company, 
Burbank, California and from the Volk Radiochemical Company, 
Chicago, Illinois. FAD, grade II, of 90-99% purity 1 FMN, 
synthetic commercial grade, and DPNH were obtained from Sigma 
Chemical Company, St. Louis, Missouri. Orotic acid was 
acquired from the California Corporation for Biochemisal 
Research. Anaerobic agar was obtained from the Baltimore 
Biochemical Laboratory, Maryland. 
All solutions, including 4 the bacterial cultures 1 were made 
with deionized distilled water. 
B. Organism 
The culture or Zyrnobacterium oroticum, an. adapted orotic 
acid~fermenting organism which had been originally isolated by 
Liebermann and Kornberg {11), was kindly supplied by Dr. H.A. 
Barker of the University of California, who had characterized 
this organism as a new genus ~ymobacteri~ with a long bead-
like chain form of gram positive rods. 
This organism was transferred at intervals of one month 
or less by means of stab culture of tubes containing growth 
medium plus 5.1% anaerobic agar. Liquid subcultures were 
also made at intervals, and the growth medium in both cases' 
had the composition shown in table I. Cultures were stored 
at 4°C. under pyrogallol seal prepared by combining 1 gram 
of pyrogallic acid plus 10 ml. of 2.5 N NaOH for 100 ml. of 
jar capacity (1~). 
) 
) 
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TABLE I 
THE COMPOSITION OF THE GROWTH MEDIUM 
Ingredients Percentage G~anrs. per Liter 
Bacto-tryptone 
( 11Difco 11 certified) 2 20g. 
Orotic acid ,0.3 3g. 
Sodium Thioglycollate 0.1 lg. 
Na3 PO 4 -~ 12H20 0.15 1.5g. 
NaOH 0.1 lg. 
Adenine 0.001 lOmg. 
Riboflavin-free 0.05 0.5g. 
Yeast extract 
C. Large Scale Growth of the Organism 
The organism was grown on riboflavin-free medium in which 
t ' . 
riooflavin-free yeast extract (15) and adenine were substituted 
for either yeast extract or riboflavin. Vennesland used 1.5 mg. 
per 100 ml. of riboflavin as a substitute for yeast extract. 
Ko~nberg {ll) used medium containing 0.2% orotic acid whereas 
Vennesland (12) employed a 0.4% solution. Here we used 0.3% 
of orotic acid, considering the need for maximum growth but 
avoiding the possibility of precipitation of the relatively 
insoluble orotic acid after autoclavin~. 
Be£ore using riboflavin-free yeast extract, an attempt 
was made to replace yeast extract entirely by means of adenine, 
thiamine (vitamin B1), and pyridoxine (~itamin B6). The effects 
of omission of riboflavin and of substitution of other factors 
for rib0flavin was also studied. The results are recorded ~n 
table 2. 
) 
) 
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TABLE 2 
THE EFFECTS UPON GROWTH OF VARYING THE SOURCE OF RIBOFLAVIN 
GROWTH 
TRYPTONE MEDIUM* without 
yeast extract 
~RYPTONE MEDIUM* with 
riboflavin-free yeast 
extract 
Basal Medium** 
BASAL MEDIUM** with 
riboflavin-free yeast 
extract 
BASAL MEDIUM** with 
3 mg./L. of Thiamine 
6 mg./L. of pyridoxine 
10 mg./L. of Adenine 
TRYPTONE MEDIUM* 
with yeast extract 
AMOUNT OF GROWTH 
++ 
+++ 
++ 
+++ 
+++ 
++++ 
*Tryptone Medium---as in Table I, except that yeast extract 
was omitted. 
**Basal Medium {16)--~has the composition as follows: 
orotic acid---0.2% (neutralized with NaOH} 
yeast extract---0.025% 
sodium thioglycolate~o.OS% 
phosphate buffer (0. OSM} pH 7. 4 
Mg so4 ·7H2o---0.02%~ FeS04 ·2H20---0.0005% 
Na Moo4 ·2H2o---0.0005%~ Agar---0.1% 
Since better growth was obtained with adenine and ribo-
flavin-free extract, the final growth procedure used these 
. Wh d . 14 h . . . . . f mater~als. en a en~ne-2MC , av~ng a spec~f~c act~v~ty o 
20,000 counts per minute per umole, was used~ the total 
activity in 20 liters of medium was 2.96 x 10, q~q~~~ p~~ 
) 
) 
minute. 
The ingredients were added in the o~der listed in table I 
at room temperature. The final pH was made 7.9 by means of 
the addition of small portions of either 1. 0 M NaH2Po 4 or 
1.0 M Na2HP04 • Pyrex bottles of 8.5 liter and 22 liter 
liter-capacity were used to accomodate a total of 50 liters 
of media. The bottles were stoppered with non-ahsorbent 
cotton plugs covered with aluminum foil in order to prevent 
any possible contamination after autoclaving. The 8.5 liter 
and 22 liter volumes of media were autoclaved ~5 and 60 minutes 
respectively at a temperature of 252°C. ~fter cooling to the 
incubation temperature (32-36°C.), the bottles were inoculated 
with 15 ml. per liter of an actively growing cultu~e. The 
inoculum was made by transferring the test tube~grown culture 
to a 1 liter flask of medium. The contents of this flask 
were ready for transfer within 24 hours. For the large bottles 
of culture, it usually took 36 to 48 hours for complete growth. 
In preliminary growth experimentsz samples were removed at 3 
hour intervals and the logarthmic phase of growth was determined 
spectrophotometrically by reading in the Beckman DU spectro-
photometer at 580 m~. Meanwhile, the samples were also 
microscopically stained with gram stain and examined for long 
bead~like chain form. 
Sampling was carried out by means of an apparatus consisting 
of a two~holed rubber stopper fixed with glass tubing to form 
a syphon arrangement. Inert gas, 100% of nitrogen, was intro-
duced through a sterile cotton plug to force out the sample. 
D. Preparation of Enzyme 
1. Harvesting of organism 
Harvesting by centrifugation in the cold (4°c.) had 
to be completed just before the bacterial growth had stopped 
completely, since the total amount as well as the specific 
) 
) 
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activity of dihydroorotic dehydrogenase declined markedly 
in older cultures. The centrifuged bacterial mass was of 
a fluffy consistency and light in color except for occasional 
traces of brown sediment. The yield was 2.5-3.0 g. wet 
weight of bacteria per liter of culture. This yield ~s· 
somewhat lower than the 4-5 g. wet weight of bacteria 
per liter of culture obtained by Vennesland with growth 
on riboflavin-containing medium. The yield of protein 
ranged from 30 to 60 mg. per gm. of wet weight of bacteria. 
2. Preparation of Extract 
The cells were disrupted by grinding with acid-washed 
glass beads in a Lourdes multi-mixer with blender attachment. 
This w~s done immediately after harvesting. The paste 
from 50 liters of culture (50-76 g. wet weight) was washed 
into 3 times its weight of chilled beads with approximately 
50 ml. of 0.05 M sodium phosphate buffer, pH 6.5. The 
container of the blender was surrounded with ice water, 
and the temperature was not permitted to exceed 20° during 
blenderizing. Disruption of the cells could be detected 
by a marked change in the consistency of the suspensiGn. 
This generally required about 15 minutes of blending with 
the rheostat set at two-thirds of maximum. After disruption 
of the cells, an additional 100 ml. of ph0sphate buffer 
was added, the suspension was stirred gently for 2 minutes, 
the beads were allowed to settle, and the supernatant, 
which included some foam, was decanted. Fresh buffer was 
added and the stirripg and decanting was repeated 3 or 4 
times with decreasing amounts of buffer, to give a final 
extract volume of about 250 ml. The combined extracts 
were cleared of solids by centrifugation, and the protein 
fractionation was begun immediately. 
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3. General Outline of Fractionation 
The method of fractionation described below was basically 
that recommended by Vennesland (12), except that all the 
steps were carried out in red light to avoid destruction 
of flavins. The fractionation consists~ essentially, of 
three steps, and gives a purification of about 30-fold 
over the original extract, with a yield of approximately 
14 percent. Except where mentioned, all procedures were 
carried out between 0° and 4°C. 
Step I. First Protamine Treatment and Ammonium 
Sulfate Fractionation. 
The original extract was treated with sufficient 
solid sodium chloride to bring its concentration to 
.4 M. Next, sufficient 0.4 M sodium chloride was 
added to precipitate nucleic acids. In this and in the 
following treatment with protamine sulfate, the optimal 
amount of reagent was that which sufficed to give near-
maximal precipitation. This amount was determined by 
the addition of increasing amounts of protamine to 
small aliquots of the enzyme solution. The samples 
were cleared by centrifugation, and the supernatants 
were treated with additional protamine until no more 
precipitate was formed. 
About 0.4 to 0.5 volumes of the protamine sulfate 
solution was required. After stirring for 10 minutes 
the white precipitate was removed by centrifugation, 
and 29.5 g. of ammonium sulfate were added for each 
100 ml. of the yellow, slightly turbid supernatant 
solution. After 30 minutes, a slimy precipitate was 
completely removed by centrifugation. To the clear 
yellow supernatant solution, 9 g. of ammonium sulfate 
were added for each original portion of 29.5 g. A 
., 
) 
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yellow precipitate containing the enzyme separated 
out in fine floccules after about 30 minutes. At 
this stage the material was usually allowed to stand 
overnight in the cold at a temperature of 4°. 
The precipitate was then collected by centrifugation 
and extracted with several portions of 0.2 M sodium 
phosphate buffer, pH 5.8, to give a final total 
volume which was about one-tenth that of the original 
crude extract. The extraction removed all yellow 
pigment but left a white residue which was discarded 
after centrifugation. 
Step II. Second Protamine Treatment and Precipitation 
by Dialysis. 
The clear yellow solution was treated with aqueaua~ 
protamine sulfate in order to remove a small additional 
amount of nucleic acid. At this step we found that 
the yellow color faded away following the treatment 
of protamine sulfate, but there appeared to be no 
loss of enzymatic activity. 
The solution was dialyzed overnight against 4 
liters of cold distilled water. The bulky yellow 
precipitate which formed was collected by centrifugation, 
and the enzyme was extracted from the precipitate 
with successive portions of 0.2 M sodium phosphat~ 
buffer, pH 5.8. To achieve adequate extraction, the 
precipitate was repeatedly ground to a smooth paste 
with 5 to 10 ml. portions of buffer. It was fiound 
that the yellow pigment could be used as a guide in 
the extraction process. When the eluabes became 
colorless, extraction was stopped, and the bulky 
green-gray residue was discarded. 
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Step III. Third Protamine Treatment. 
The solution obtained in Step II had a volume of about 
one·-tenth that of the ormginal extract. To this 
solution an equal volume of 1% protamine sulfate 
solution was added to precipitate the enzyme, and 
after stirring for ten minutes, the protamine 
precipitate was collected by centrifugation in the 
form of an or~nge-yellow pellet. This precipitate 
was extracted with 5 ml. portions of 0.2 M sodium 
phosphate buffer, pH 5.8, until the eluate was only 
faintly colored. The combined supernatants, decanted 
after centrifugation, were held at 20° for 1 hour 
and then stored overnight at -20°c. 
A precipitate which remained after thawing and 
warming to room temperature was removed by centrifugation. 
The enzyme prep~ration was then allowed to stand at 
4°C. for periods in excess of one week, but crystalli~ 
zation did not occur. The following step was there-
fore added to achieve homogeneity o£ the enzyme 
preparation. 
, Step IV. Purification of the Enzyme by Column 
Chromatography on Diethylaminoethylcellulose 
(DEAE). 
A. Preparation of DEAE cellulose exchanger. 
5 gm. of the exchanger, having an ion 
exchange capacity of 6 meq./dry g., was sus-
pended in 100 ml. of water in a 250 ml. beaker. 
The suspension was then treated to remove heavy 
metal ions by the addition of 0.5 M trisodium 
ethylenediamine tetraacetate (versene) to 0.1 M 
concentration and adjustment of the pH to 10-11 
with l.N NaOH. After stirring for 30 minutes, 
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the suspension was filtered on a sintered glass 
funnel and washed 3 times with water. The 
cellulose exchanger was next suspended in 1 N NaOH, 
and then washed with water until the washings 
were neutral. The cellulose was then titrated 
with 1M KH2Po4 to pH 6.0, washed several times 
with water, and finally poured into a 0.9 em. x 
25 em. column in the form of a slurry of approx-
imately 3 parts of H20 and 1 part of adsorbent. 
B. Preliminary Stepwise Elution. 
The following procedure was carried out to 
establish the general behavior of the enzyme on 
DEAE cellulose. 14 mg. of enzyme protein from 
the third protamine treatment, previously dialyzed 
for 3 hours against 0.05 M phosphate buffer of 
pH 6.0, was put on the DEAE cellulose column 
and eluted stepwise with phosphate buffers of 
pH 6.0 at concentrations of 0.05 M, 0.1 M, 
0.2 M, and 0.4 M. The procedure was carried out 
0 in the cold at 4 c .. and the column was covered 
with aluminum foil. Even and tight packing 
of the adsorbent was found to be essential if 
satisfactory separation was to be obtained. The 
activity was eluted from the column with phosphate 
buffer concentrations in the range of 0.05 to 
0.15 M. 
c. Gradient Elution. 
Having established the range of concentrations 
through which the enzyme activity was eluted, a: 
column separation by gradient elution was carried 
out. The column (0.9 x 25 em.) was connected 
to a 500 ml. aspirator bottle containing 500 ml. 
of 0.05 M potassium phosphate buffer, pH 6.5 
- 14 -
and 0.001 M ~~mercaptoethanol to serve as a 
mixer vessel. Column fractions of 12-15 ml. 
were collected at a flow rate not exceeding 0.5 
ml./minute. Fractions were assayed for enzyme 
activity, protein concentration, and, in the 
cases where the organism had been grown on 
2-c14-adenine, for radioactivity. The latter 
was determined by plating 1 ml. aliquots of 
column fractions, drying, and counting at 
infinite thinness in a thin window counter. 
The results of a chromatographic separation 
of the enzyme isolated from cultures grown on 
2-c14-adenine is presented in Figure 4. 
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E. Assay of Enzymatic Activity 
1. Assay Procedure. 
Enzymatic activity was measured by a modification of 
the method of Vennesland. The reaction mixture ~or the 
assay contained 400 umoles of sodium phosphate buffer of 
pH 6.5, 20 umoles of freshly dissolved cysteine hydro-
chloride, 6 umoles of sodium orotate, 0.1 ml. of diluted 
enzyme and 0.35 umoles of DPNH in a final volume of 3.0 ml. 
Additions were made in the order indicated. Reaction was 
followed by measuring the decrease in absorption at 340 
mu brought about by conversion of DPNH to DPN during orotate 
reduction. Preincubation with cysteine was omitted when 
the crude extracts of bacteria were assayed. The reaction 
was started by addition of DPNH after the other components 
of the reaction mixture had come to temperature equilibrium 
at 20°. Readings were taken at two minute intervals after 
mixing. 
The sodium orotate was made by ad.justing the solution 
' o~ orotic acid with 1 N NaOH to pH 7.6, and the cysteine 
solution had to be neutralized carefully with sodium 
hydroxide just before use. Since the millimolar extinction 
coefficient (EmM")) of DPNH is 6.22 at 340 mu, a rate 
corresponding to the oxidation of 1 mumole of DPNH per 
minute in the assay system would give an increment of 
optical density (O.D.) as that amount which causes the 
oxidation of 1 mumole of DPNH per minute in the system 
at 20°. 
The ratio of the rate of DPNH oxidation in the presence 
of saturating concentrations of orotate to the rate of DPNH 
oxidation in the absence of orotate, measured aerobically, 
ranged from 3.0 to 4.0 for the crude undialyzed bacterial 
extract to 4.0 to 6.0 for the preparations of highest 
Stage 
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specific activity obtained. No correction was made for 
the rate of oxidation of DPNH in the absence of added 
orotate. 
2. Protein Measurement. 
The protein measurements were made by the spectro-
photometric method using the ratio of optical densities 
at 280 and 260m~ as described by Warburg et al (16), 
and by the method of Lowry et al (17). 
3o Table of Purification. 
The result of a typical large-scale preparation 
are recorded in Table 3. 
TABLE 3 
PURIFICATION OF DIHYDROOROTIC DEHYDROGENASE 
Vol.* Total Total Specific Yield 
ml. Protein Activity Activity % 
mg. units units/mg. protein 
Cell-free 
extract 175 1,032 3,150,000 601 
Step I 21 415 802,200 1,927 25 
Step II 20 165 424,000 2,563 13 
Step III 8 12 240,960 18,169 8 
*In this particular preparation, cells were harvested from 
50 liters of bacterial culture. 
F. Isolation and Characterization of the Flavin Moiety 
1. Isolation Procedure 
The purified enzyme obtained from DEAE-cellulose 
chromatography was digested with trypsin to remove the 
Fold 
Purifi-
cation 
3 
4 
30 
bound flavins by a modification of the method of Kearney (18). 
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Suitable aliquots of bacterial extract or enzyme solution 
0 
were heated at 100 for 6 minutes, and then digested with 
0.0025% trypsin in 0.25 Mbphosphate buffer of pH 8.0 for 
6 hourso The digested solution was then held at 80° for 
20 minutes. For chromatography, aliquots of the heated 
trypsin digests were saturated with ammonium sulfate and 
filtered in order to remove the denatured proteins. The 
flavins were extracted from the filtrate with phenol and 
returned to the water phase by the addition of ether. The 
0 
samples were then stored at 4 c. in the dark, preparatory 
to paper chromatography. 
2. Two-dimensional Paper Chromatography 
Whatman No. I filter paper sheets (18 by 22 inches) 
were ruled 2 3/4 inches from the edge on two adjacent 
sides, and the origin marked at the point where the lines 
crossed. The original point was lightly spotted with 100 ~ 
liters of sample by means of micropipette-while an air 
stream was directed at the origin to hasten drying. After 
the sample had been spotted, the papers were then hung 
in the chromatography cabinet, the ruled edge of the 
paper having been folded to form a flap which lay in the 
solvent trough. 
Two solvent systems were employed in the present study. 
One was 5% Na2HP04 buffer, which was first applied to 
flavin separations by Huennekens (19)". This system 
achieved a clean separation of riboflavin, FMN, and 
FAD. The disadvantages o_f the use of this solvent are 
the diffusion of the spots during chromatography and 
the slight breakdown of the various flavins to lumichrome 
{Rf = 0.05). The other solvent system used was n-butanol: 
acetic acid: water= 4:1:5 (v/v), which has the advantage 
that small, discrete spots are obtained which permits of 
- 18 -
the assignment of accurate Rf values, though the phos-
phorylated compounds do not migrate readily in this system. 
Better separations were obtained when the phosphate buffer 
system was employed for the second dimension. When the 
first solvent was made up, it contained two layers. The 
top layer was used for the developing solvent while the 
lower layer was placed in the chromatographic chamber to 
provide a saturated atmosphere before chromatography was 
begun. After the first solvent had travelled almost to 
the opposite edge o£ the paper, the sheets were removed, 
0 
air-dried in the dark, turned through 90 , and re-run in 
the second solvent. After chromatography, the sheets were 
again air-dried in the dark. The phosphate buffer solvent 
required only 5 or 6 hours to travel the length of the papers 
while it took at least 12 hours for development with the 
butanol-acetic acid~water solvent. The flavins were 
localized by brief exposure to ultraviolet light from a 
Mineralite lamp in the dark room. Flavins appeared as 
yellow-green fluorescent spots. The solvent systems and 
the Rf values for the flavins are given in Table 4. 
TABLE 4 
Rf VALUES OF THE FIAVINS BY DESCENDING PAPER CHROMATOGRAPHY 
Solvent Systems: I. 5% Na2HP04 in water (~0). 
II. 4/1/5 n-butanol/acetic acid/water 
(top layer) (20}. 
Flavins Solvent Systems 
FAD 
FMN 
Rf 
I II 
0.39 
0.56 
0.30 
0.04 
0.04 
0.30 
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3. Measurement of Flavin Concentration. 
The flavin spots from paper chromatography were cut 
into small pieces and extracted with 3 ml. of hot wat.er 
(90°C.) for about 10 minutes. The concentrations of the 
flavin solutions were determined from· light absorption 
measurements at 450 mu in the Beckman model DU spectro-
photometer using the equation log I 0 /I ~ EMcd, and molar 
extinction coefficients EM at this wavelength of 11.3 
x 103cm2 mole-1 for FAD and 12.2 x 103cm2 mole-1 for FMN 
(21). The results of a typical analysis are shown in 
Table 5. 
TABLE 5 
* THE CONCENTRATION OF FLAVINS 
FLAVINS 
FAD 
FMN 
Total 
CONCENTRATION 
0.0722 u mole 
0.0654 u mole 
0.1376 u mole 
*In this particular measurement, 5.5 mg. of 
enzyme protein obtained from 10 liters of 
bacterial culture was used. 
4. T~e Absopption Spectrum of the Isolated Flavins. 
Absorption spectra were determined in the Beckman 
Model DU spectrophotometer. Samples were dissolved in 
0.1 M potassium phosphate buffer at pH 6.0, just before 
measurement. Also, exposure to strong light was avoided. 
The absorption spectrum of isolated FAD and FMN are shown 
in Figure 5. 
\J 
0.45 
0.301 Absorbance 
Units 
I 
0.~5 
I 
I 
I 
I 
4 
~ 
I 
I 
H 
\ I 
I 
FAD 
FMN 
250 270 290 310 330 350 370 390 4iO 430 450 470 490 510 530 
Wavelength m!J. 
FIGURE 5 
~ 
) 
- 20 -
5. Radioactivity Measurement. 
For radioactive assay, the flavin spots from paper 
chromatograms were cut out and extracted with hot water 
as before. The extracts were concentrated by evaporation 
in an air stream and 0.1 ml. samples were evenly plated on 
aluminum planchets. Samples were dried under an infra-
red lamp and the planchets were counted in a Nuclear-
Chicago thin window counter (model D-47}. 
The results are given in Table 6. 
TAB,LE 6 
* RADIOACTIVITY MEASUREMENT OF ISOLATED FLAVINS 
Flavins cpm 
0.1 ml. 
FAD 93.0 
FMN 66.5 
Rf (if any) 19.5 
Total counts 
(in 2. 0 ml.) 
1860.0 
1330.0· 
380.0 
*In this measurement, 5.5 mg. of enzyme protein 
from 10 liter of bacterial culture was used. 
6. Radioautography of Paper Chromatograms. 
In order to further characterize the isolated flavins, 
a duplicate paper chromatogram of the isolated radioactive 
flavins was taped to a 14 11 by 17 11 sheet of Ansco Non-screen 
X-ray film* in each determination. The films, with attached 
paper, _were rountinely cut at several different irregular 
angles along the edges in order that the developed film 
*Ansco, Binghamton, N Y. 
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and the corresponding chromatograms could later be correctly 
oriented. The films were then stored in the dark and 
pressed flat to ensure close contact of chromatograms and 
films. 
The chromatograms were removed after a period of one 
week or more and the radioautograms were developed for 
4 minutes with Kodak Rapid x-ray Developer*, then placed 
in a stop bath of 1% (w/v) acetic acid for 10 seconds, 
then finally left in a fixer solution of sodium thiosulfate 
for at least 10 minutes. The films were next washed in 
cold tap water for approximately one hour, and then hung 
by clips to dry. 
A 200 watt red light was found useful for the dark-
room procedure. 
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DISCUSS,ION 
Experiments involving growth of z. oroticum on a variety of 
media indicate that growth is possible in the absence of riboflavin. 
I 
However, tryptone has been employed throughout the present work in 
spite of the fact that it contains a small amount of riboflavin 
because it is necessary for maximum growth of the organism. How-
ever, the amount of riboflavin in tryptone is very small. According 
to the typical analysis supplied by the Difco Company {21) the 
riboflavin contained in the Bacto-tryptone is only 0.18 ug. per 
gram, and thus the total amount of riboflavin contained in one 
liter of the medium is 3.6 ug. (0.18 ug/g x 20 grams). This amount 
of riboflavin per liter, compared with the 15,003.6 ug of ribo-
flavin per liter used by Vennesland (12), is negligible. The 
fraction is 3.6/15,003.6 ~ 2.39 x 10-4 or 0.0239%. 
In the present work the enzyme dihydroorotic dehydrogenase 
has been purified about 30-fold over that of the original extract. 
Crystallization has not yet been achieved. However, the specific 
activity of about 18,200 units per mg. of protein compares very 
favorably with the specific activity of Vennesland 1 s crystalline 
enzyme. The work of Vennesland showed that less than 30-fold 
purification is necessary to obtain the crystalline enzyme with 
a final specific activity of 17,700 units per mg. of protein. 
The DEAE chromatography step indicates that the purified preparation 
is predominantly one protein since the only protein peak is also 
enzymatically active. It is also noteworthy that enzymatic 
activity corresponds closely to radioactivity. 
The report. of Vennesland also suggested that the crystalline 
enzyme,contains one mole of FMN, one mole of FAD, and two moles of 
iron per 62,000 grams of protein, and thus 11.0 mg. of the enzyme 
protein should contain a~proximately 0.18 umoles of each flavin. 
In this case the total flavin concentration was actually found to 
be 0.14 umoles, about 22% less than that predicted from the results 
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of Vennesland. Other runs gave comparable results. It is quite 
possible that the difference might come from either incomplete 
liberation of bound flavins or because of degradation of flavins 
owing to exposure to light in the course of isolation. 
The authenticity and purity of the isolated flavins have 
been established by both paper chromatography in various solvent 
systems and by absorption spectrophotometry. Results from paper 
chromatography give Rf values for FAD and FMN of 0.40 and 0.56 
respectively in 5% Na2HP04 solvent system and of 0.04 for both 
flavins in 4/1/5 n-butanol/acetic acid/water (upper phase). These 
Rf values compare well with known FAD and FMN and with the results 
reported by Lincoln et al (22}. The Rf value for riboflavin is 
essentially the same in both the solvent systems. Occasionally, 
a faint spot, only visible under ultraviolet light, is noted at the 
Rf position of riboflavin. Vennesland claimed that no flavin spots 
other than FAD and FMN, were separated on paper chromatography. 
This small amount of riboflavin may result from the breakdown of FMN. 
The absorption spectra of the flavins compare well with 
published data. The R values are determined to be 3.6 and 2.8 
for FAD and FMN respectively. The FAD ratio corresponded closely 
with the data from Corran and Gordon (23) who found R values of 
3.7 for FAD derived from xanthine oxidase and liver aldehyde oxidase. 
These are in contrast to the findings of Warburg and Christian (20) 
and Ball (24) who calculated the R values as 3.3 for FAD. However, 
Warburg noted that the lower value of R for FAD mig4t be due to 
breakdown to FMN. The same explanation might be put forward for 
the isolated FMN which has a higher R value, 2.8, than the value 
2.22 as published by Whitby (25). 
The radioactivity of the isolated flavins is consistent with 
a role for adenine as precursor of the flavin moiety in this 
. d . 14 f "f" organism. In one experiment us1ng a en1ne-2-c o spec1 1c 
activity 20,000 cpm/~M, the radioactivities found for the purified 
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flavins isolated from 5.5 mg. of purified dihydroorotic dehydrogenase 
were 1860 and 1330 total counts per minute for the FAD and FNN 
samples respectively. These give a total radioactivity of 3190 
counts per minute. Acc0rding to the studies of Friedmann and 
Vennesland (12), 0.09 ~oles of total flavin could be isolated 
from 5.5 mg. of enzyme. Assuming direct incorporation of the 
precursor, without dilution, the total counts in the flavin 
moieties would be 1800 counts per minute. If the adenine moiety 
of FAD is also assumed to be incorporated without dilution, then 
the expected total count of 2700 agrees favorably with the experi-
mental value of 3190 counts per minute. 
The present study indicates that the anaerobic bacterium 
z. oroticum is capable of synthesizing its own flavins and that 
adenine serves as a direct precursor of the flavin moieties of 
dihydroorotic dehydrogenase. The presence of one mole each of 
FMN and FAD per mole of enzyme, first reported by Friedmann and 
Vennesland (12}, is also verified by these experiments. 
) 
SUMMARY 
Large scale growth of the organism Zyrnobacteri~ oroticum has 
been carried out on riboflavin-free medium with a radioactive 
fl . d . 2 14 av1n precursor, a en1ne- -c . The flavoprotein enzyme, dihydro-
orotic dehydrogenase, has been isolated and purified to a specific 
activity comparable to the crystalline enzyme isolated by Friedmann 
and Vennesland {12). The flavin portion of the enzyme was isolated 
and purified, and found to consist of approximately one mole of 
FAD and one mole of FMN per mole of enzyme. The radioactivities 
of the isolated compounds is consistant with a precursor role for 
adenine in de novo flavin biosynthesis in Z. oroticum. 
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~ APPENDIX 
/ 
I. Extinction Coefficient: 
Measurement by the general formula: 
E I log 
II? 
where and I incident :::::; X - Io are the light cd I 
and transmitted light respectively in 
a solution of d ems thick of mole 
) 
concentration c. 
For DPNH: 
E I log Io 6 2 -1 = - X ::::; 6.22 x 10 em mole cd I 
Therefore, 
l~m should have 0.00622 O.D. 
and 0.35 urn, 2.17 O.D./3ml. or 0.70 O.D./ml. 
Ref. Enzymology Vol. II, p. 670. 
2. Riboflavin contained in Difco tryptone: 
0.18 ug./gram 
So, 20 grams of tryptone in one liter should have: 
0.18 ug/gram x 20 grams ::::::: 3.6 ug. 
Vennesland used 15 mg./liter or 15,000 ug./liter 
Therefore the fraction is: 
3.6 -4 
= 2.39 x 10 or 0.0239% 15,003.6 
~ 3. Riboflavin-free yeast extract: 
~ 
) 
a. 100 grams of Difco yeast extract is dissolved in 500 ml. 
of water. 
b. 150 g. of Basic lead acetate, dissolved in 500 ml. of 
water is added to a. 
c. The pH is adjusted to approximately 10 with strong ammonia. 
d. The precipitate is filtered off. 
e. The filtrate is then acidified with glacial acetic acid, 
and H2s (hydrogen sulfide) passed in until all lead is precipitated. 
f. The lead sulfide in turn is filtered off. 
g. The volume of supplement is adjusted to 1 1 000 ml. with water. 
h. It is preserved under a thin layer of sulphur-free 
toluene in a refrigerator. 
i. The solution is stable for at least 3 months. 
Ref. E.C. Barton-Wright, Microbiological assay of the vitamin B 
complex and amino acid. Pitman Publishing Corporation, p. 164. 
ii-. The gram stain 
Gentian violet is put on the slides for 1 minute, and then 
Lugol's iodine solution for 1 minute. Acetone-alcohol is then 
employed as a wash until no more violet dye is removed. 
Slides are dried in air, and then treated with dilute Carbol 
Fuchsin for 30 minutes, rinsed in H20,and used for microscopic 
examination. 
